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Abstract
Sulfate transport by band-3 protein in adult human erythrocytes was shown to be modulated by oxygen pressure. In particular, a higher
transport activity was measured under high oxygen pressure than at low one (0.0242F 0.0073 vs. 0.0074F 0.0010 min  1). Other factors,
such as magnesium ions and orthovanadate, which can indirectly affect the binding properties of the cytoplasmic domain of band 3 (cdb3),
influence significantly the anion exchanger activity. No effect of oxygen pressure on sulfate transport was found in chicken erythrocytes,
which may be related to their lacking the cdb3 binding site. These findings are fully consistent with a molecular mechanism where the
oxygen-linked transition of hemoglobin (T!R) could play a key role in the regulation of anion exchanger activity. D 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction
The main role of erythrocytes is to mediate the oxygen–
carbon dioxide exchange between tissues and lungs. Red
cells fulfil this requirement, during their life-span, fluctuat-
ing between two limiting states, high-oxygenation state
(HOS erythrocyte) and a low-oxygenation one (LOS eryth-
rocyte).
HOS and LOS limiting states are in some way function-
ally and molecularly associated with the corresponding R
and T states of hemoglobin. Accordingly, the free energy
coupled to the T!R transition of Hb may be utilised for a
change of the structural and metabolic erythrocyte demands.
In this respect, many studies have shown that metabolism,
membrane fluidity, concentration of ions and intermediates,
and activity of many red cell transport proteins are sub-
stantially different in HOS and LOS erythrocytes, in such a
way that pO2 seems to represent a specific and selective
signal [1–3]. The molecular events, which link the T!R
transition and HOS and LOS general properties, are very
complex and they cannot be easily elucidated. Several of
these events are probably confined to the membrane level,
where band-3 protein probably plays a pivotal role. The
active form of this protein, present in a quantity of about
1.2 106 copies per red cell, consists of a dimer with a
membrane-spanning domain (55 kDa), responsible for anion
exchange across the membrane, and a cytoplasmic domain
(cdb3, 43 kDa) displaying modulator functions [4,5]. In fact,
cdb3 binds cytoskeletal proteins (band 2.1 protein or
ankyrin) [6] and several glycolytic enzymes [7], such as
aldolase [8], phosphofructokinase [9], glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [10], lactate dehydro-
genase [11] and the protein tyrosine kinase (p72syk) [12]. In
addition, cdb3 binds to hemoglobin [13–15]. This interac-
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tion is predominantly electrostatic in nature and is influ-
enced by the oxygenation state of the red cell, since
deoxyhemoglobin (T-state) binds the cdb3 more tightly than
oxygenated hemoglobin (R-state) does (Kassc 10
4 and 102
M  1, respectively) [16]. It has been reported that GAPDH
and hemoglobin bind to residues 1–11 of cdb3, while
aldolase binds to both residues 1–11 and 13–31 [7].
Experimental data support the hypothesis that binding of
deoxyhemoglobin to cdb3 could be responsible for the
oxygen-dependent modulation of erythrocyte glucose meta-
bolism [17].
Within this emerging scheme, hemoglobin appears to
display, besides the basic function of oxygen transport,
several other biological functions which are driven by the
oxygen-linked conformational transition and whose relative
importance, in the economy of the cell and of the organism,
is not easy to qualify. The literature provides no clear
information concerning the effects of O2 pressure on the
transport activity of band 3 [1,18]. Thus, with the aim to
increase the experimental information concerning the inter-
play existing between the erythrocyte oxygenation–deoxy-
genation cycle and the functional properties of the human
erythrocyte anion exchanger, we investigated the transport
properties of band-3 protein under different red cell oxy-
genation states.
2. Materials and methods
2.1. Material
All reagents were from Sigma-Aldrich (St. Louis, MO,
USA). Human erythrocyte samples were collected from
informed healthy volunteers aged 30–50 years under the
declaration that they had avoided any drug treatment at least
1 week before sample collection. Chicken blood was ob-
tained from local slaughterhouse.
2.2. Preparation of red blood cells
Heparinized blood samples were washed three times with
166 mM NaCl solution. During washings the white blood
cells were discarded from the pellet. After washing the red
blood cells were resuspended (hematocrit 3 %) in the
incubation buffer (35 mM Na2SO4, 90 mM NaCl, 25 mM
HEPES [N-(2-hydroxyethyl)-piperazine-N1-2-ethanesul-
fonic acid];+/ 4 mM MgCl2, adjusted to pH 7.4 or 7.3
and 310F 20 mOsm/kg, measured by an Osmostat OM-
6020 apparatus (Daiichikagakuco, Kyoto, Japan).
In experiments performed on deoxygenated erythrocytes,
samples were submitted to cycles of in vacuum deoxyge-
nation and nitrogen (ultrapure) saturation at a pressure of
760 Torr. This treatment allowed us to obtain different levels
of deoxygenation (from 15% up to 90%), which were
checked by determining hemoglobin saturation spec-
trophotometrically (Beckman DU 70 spectrophotometer)
using the millimolar absorptivities reported by Zijlstra et
al. [19].
The buffer used to prepare deoxygenated erythrocytes
was 0.1 pH unit lower than that used for oxygenated
erythrocytes, in order to compensate the Haldane effect
occurring during the deoxygenation step [20]. Thus, after
the deoxygenation procedure, the oxygenated and deoxy-
genated samples had an external pH no more different than
0.03 pH units.
2.3. Kinetic measurements
Cells were incubated in the above incubation buffer at 25
jC, under different experimental conditions. At several time
intervals, 10 Amol of the stopping medium SITS (4-acet-
amido-41-isothiocyanostilbene-2,21-disulfonic acid) were
added to each test tube containing 5 ml of the red blood cell
suspension. Cells were then separated from the incubation
medium by centrifugation (J2-HS Centrifuge, Beckman,
Palo Alto, CA, USA) and washed three times at 4 jC with
a SO4
2 -free medium to remove SO4
2 trapped outside.
After the last washing packed cells were lysed with
perchloric acid (4%) and distilled water (2.8 ml final vol-
ume). Lysates were centrifuged for 10 min at 4000 g
(4 jC) and membranes were separated from the supernatant.
SO4
2 ions were precipitated from the supernatant by adding
1 ml of glycerol/distilled water mixture (1:1, v/v), 0.5 ml of 4
M NaCl and 1MHCl, 0.5 ml of 1.23 M BaCl22H2O in order
to obtain a homogeneous barium sulfate precipitate. The ab-
sorbance of this suspension was measured at 350 425 nm.
Using a calibrated standard curve, obtained by measuring
the absorbance of suspensions obtained from solutions con-
taining known SO4
2 amounts, the SO4
2 concentration was
determined [21]. Experimental data of sulfate concentration
as a function of time incubation were analysed by best fitting
procedures according to the following equation:
CðtÞ ¼ Clð1 ektÞ
where C(t) represents SO4
2 concentration at time t, Cl
intracellular SO4
2 concentration at equilibrium, and k the
rate constant of SO4
2 influx.
2.4. Statistical analysis
Differences were analysed with a two-tailed Student’s
t test for unpaired data. The results are expressed as
meansF S.D. Probabilities less than or equal to 0.05 were
considered as statistically significant.
3. Results
Fig. 1 reports, as an example, the rate of SO4
2 transport
in human oxygenated (HOS, about 90% of saturation) and
deoxygenated (LOS, about 15% of saturation) erythrocytes
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with and without 4 mM MgCl2. Since it is known that
oxygen affects the activity of several transport systems in
erythrocytes [1], a set of experiments was performed on red
cells pretreated with SITS, a specific inhibitor of band 3
activity. Under this experimental condition no SO4
2 trans-
port was observed; hence, we excluded the contribution of
other transport systems to our observations. Free magne-
sium ions during the red cell oxygenation–deoxygenation
cycle competes with hemoglobin for the interaction with
2,3-BPG and ATP [22]. Indeed, we observed that sulfate
transport decreased when experiments were performed in
the absence of magnesium ions. However, the differences
between HOS and LOS erythrocytes were maintained, as
shown in Table 1.
The mean rate constant values determined for SO4
2
influx on HOS and LOS erythrocytes, reported in Table 1,
indicated that the band 3 transport works about three times
faster in HOS erythrocytes than in LOS. This finding
induced us to investigate the transport under different oxy-
gen pressures. Fig. 2 shows the dependence of SO4
2 influx
rate on log pO2.
It is well known that orthovanadate affects cell protein
phosphorylation, including cdb3 [23,24]; we performed a
set of experiments in the presence of orthovanadate. The
results are reported on Table 1 and they indicate that
whereas in HOS erythrocytes orthovanadate clearly in-
creases the activity of band 3, differences between treated
and untreated cells are not detectable in LOS erythrocytes.
A further possibility to clarify whether the cdb3 and Hb
interaction plays a role in band-3 anionic transport concerns
the use of erythrocytes with a modified cdb3. In this respect,
it is well known that band 3 of chicken erythrocytes lacks
the site of glycolytic enzyme binding. Hence, we measured
SO4
2 transport in HOS and LOS chicken erythrocytes. In
this case the rate constant values determined were not
significantly different (0.07F 0.019 min 1).
4. Discussion
To investigate the dependence of band-3 transport on
oxygen pressure and on Hb saturation, a selective measure-
ment tool is required. In this respect, whereas the majority of
Cl  cotransporters and antiports are Cl  selective, band 3
transporter can exchange different anions, even if at differ-
ent rates. The use of SO4
2 transport to monitor band-3
activity offers the advantage that the exchange time is slow
enough to organise a relatively simple experimental proto-
Fig. 1. SO4
2 concentration (mg/l) determined in red blood cell lysates at
different incubation times. Results of a typical experiment performed by
incubating erythrocytes in a medium containing 4 mmol/l Mg2+ under high
(closed triangles) and low (closed circles) oxygen pressure, and in a
medium without Mg2+ under high (open triangles) and low oxygen pressure
(open circles). Curves were obtained by fitting experimental data with the
equation: C(t) =Cl(1 e kt). See Materials and methods for further
experimental details.
Table 1
Rates of SO4
2 transport measured in oxygenated and deoxygenated adult
human red blood cells with and without magnesium ions and orthovanadate
( P< 0.05 was considered significant)
Rate constant
(min1)
Rate constant
(min1)
P
Medium
composition
oxygenated deoxygenated HOS vs.
LOS
Control 0.0120F 0.0026
(N= 4)
0.0052F 0.0006
(N= 5)
0.0007
4 mM Mg2+ 0.0242F 0.0073
(N= 6)
0.0074F 0.0010
(N= 4)
0.0021
Orthovanadate 0.0184F 0.0037
(N= 4)
0.0055F 0.0014
(N= 4)
0.0006
P (control vs.
4 mM Mg2+)
0.013 0.005
P (control vs.
orthovanadate)
0.029 n.s.
Fig. 2. Rates of SO4
2 influx determined in human erythrocytes under
different oxygen pressure. For experimental conditions see Materials and
methods. Rates are reported in min1 and pO2 values in mmHg.
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col. Exchange of SO4
2 /Cl  is not electrogenic since SO4
2
influx is accompanied by H + cotransport [25]. Moreover,
the virtual absence of SO4
2 within the erythrocyte ensures
that intracellular SO4
2 determinations are essentially indi-
cative of the anion uptake [21]. The specificity of this
approach was confirmed by the practically absent SO4
2
transport observed in SITS-treated erythrocytes.
The results of this study demonstrate that in human
erythrocytes SO4
2 transport by band-3 is oxygen-depend-
ent. It was reduced by about 50% (Table 1, Fig. 1) in human
LOS erythrocytes. A similar result was obtained in the
absence of Mg2 + (Table 1, Fig. 1), suggesting that intra-
cellular concentration of Mg2 + was not involved in the
observed phenomenon. We assumed that the different activ-
ity of band 3 in HOS and LOS state was connected with the
oxygen-linked conformational transition of hemoglobin
(T!R). The results shown in Fig. 2 strongly support this
assumption. In fact, the curve that describes band 3 activity
as a function of pO2 has a shape similar to the oxygen
binding curve of human Hb. In the LOS state, the activity of
free Cl  is lower, as consequence of its binding to Hb. Since
SO4
2 influx across band 3 is coupled with Cl  efflux, it
might be argued that the observed difference in band 3
activity between HOS and LOS states is induced by the
decreased intracellular activity of free Cl  . We believe that
the reduction of Cl  activity is not sufficient to justify the
low SO4
2  exchange observed in LOS erythrocyte, by
considering up to two binding sites for Cl  for each Hb
tetramer. Other important events that occur at the level of
cdb3 are affected by the HOS–LOS transition. Indeed,
recent studies have demonstrated that the competition of
deoxy-Hb and phosphofructokinase for cdb3 can exploit a
modulation of erythrocyte metabolism [2,17]. Long-range
conformational changes in cdb3 structure, consequent upon
Hb binding, were already suggested by the detection of a
decrease of deoxy-Hb binding to cdb3 in DIDS (4-41-bis
(isothiocyano)-2,21-stilbenedisulfonic acid)-treated erythro-
cytes [26]. Although direct evidence of any functional
communication between the cdb3 binding site and the anion
transport site cannot be established, all data obtained here
can be rationalised on the basis of cdb3/deoxy-Hb binding.
Due to the higher affinity of T-Hb for cdb3 with respect to
R-Hb [16], a gradual increase of bound hemoglobin and,
consequently, an increase of structural hindrance occur on
going from HOS to LOS. Experiments performed in the
presence of orthovanadate demonstrated an increased activ-
ity of band 3 transport only in HOS erythrocytes. Orthova-
nadate has an indirect effect on band 3 phosphorylation
[23,24] and, as suggested by Low et al. [27], causes an
impairment of glycolytic enzyme binding to cdb3. Thus, the
higher activity of band 3 in the HOS state may be connected
with the lower percentage of bound enzymes. On the other
hand, few reports exist on the effect of phosphorylation on
Hb affinity for cdb3 [28]. It is known that Hb binds to cdb3 at
the organic phosphate binding site within the two h-chains.
We assumed that additional negative charges of cdb3, due to
the phosphorylation of the tyrosine residues, did not affect
Hb binding.
In experiments performed by the continuous flow tube
method, Jensen and Brahm [18] found significant interspe-
cies variation in Cl  transport kinetics between fish red
blood cells. In contrast, in all the species examined, including
human erythrocytes, they did not find any difference in the
Cl  exchange rate between oxygenated and deoxygenated
cells. The different experimental approach utilised in our
study and the different pH range investigated may explain
these discordant data. In fact, the use of radioactive Cl  in
the continuous flow tube method could provide a measure of
the activity of different cotransporters and exchangers, the
properties of which can be oppositely affected by the degree
of Hb oxygenation.
In addition, we did not observe a different activity of
band 3 in HOS and LOS adult chicken erythrocytes. This
finding should be linked to the absence in chicken cdb3 of
the binding site for glycolytic enzymes [29].
The increased anion exchange transport across band 3
observed in HOS erythrocytes may be considered as func-
tional to general red cell requirements. Indeed, red blood
cell in vivo has a higher requirement of Cl  /HCO3
 ex-
change activity during the lung oxygen loading.
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